Objective: Sudden unexplained death in epilepsy (SUDEP) during inpatient electroencephalography (EEG) monitoring has been a rare but potentially preventable event, with associated cardiopulmonary markers. To date, no systematic evaluation of alarm settings for a continuous pulse oximeter (SpO 2 ) has been performed. In addition, evaluation of the interrelationship between the ictal and interictal states for cardiopulmonary measures has not been reported. Methods: Patients with epilepsy were monitored using video-EEG, SpO 2 , and electrocardiography (ECG). Alarm thresholds were tested systematically, balancing the number of false alarms with true seizure detections. Additional cardiopulmonary patterns were explored using automated ECG analysis software. Results: One hundred ninety-three seizures (32 generalized) were evaluated from 45 patients (7,104 h recorded). Alarm thresholds of 80-86% SpO 2 detected 63-73% of all generalized convulsions and 20-28% of all focal seizures (81-94% of generalized and 25-36% of focal seizures when considering only evaluable data). These same thresholds resulted in 25-146 min between false alarms. The sequential probability of ictal SpO 2 revealed a potential common seizure termination pathway of desaturation. A statistical model of corrected QT intervals (QTc), heart rate (HR), and SpO 2 revealed close cardiopulmonary coupling ictally. Joint probability maps of QTc and SpO 2 demonstrated that many patients had baseline dysfunction in either cardiac, pulmonary, or both domains, and that ictally there was dissociation-some patients exhibited further dysfunction in one or both domains. Significance: Optimal selection of continuous pulse oximetry thresholds involves a tradeoff between seizure detection accuracy and false alarm frequency. Alarming at 86% for patients that tend to have fewer false alarms and at 80% for those who have more, would likely result in a reasonable tradeoff. The cardiopulmonary findings may lead to SUDEP biomarkers and early seizure termination therapies.
Sudden unexplained death in epilepsy (SUDEP) may affect up to 1% drug-resistant patients per year, 1 and 1.2 SUDEP deaths per 10,000 inpatient epilepsy monitoring unit (EMU) visits. 2 All EMU deaths were preceded by readily detectable features: a generalized convulsion and respiratory dysfunction. Therefore, it may be useful to consider these deaths as "never events," which must be safeguarded with multiple redundant safety measures. 3, 4 With early intervention, the duration of a generalized convulsion may be shortened and the severity of respiratory and cerebral dysfunction may be reduced. 5, 6 Moreover, duration of oxygen desaturation correlates with postictal immobility. 7 Oxygen levels drop in >33% of seizures, even without generalization. 8 A European survey in 2012 of 48 centers found that 20% of centers were not continuously monitoring their patients, and 67% of centers did not use alarms for low oxygen. 9 In a U.S. survey conducted in 2007, 26% of centers did not employ continuous staff monitoring. 10 Although both studies had low survey response rates, these numbers give one pause. Moreover, North American Epilepsy Center guidelines do not mandate cardiopulmonary monitoring explicitly. 11 One reason for the gap between these risks and safety requirements is a lack of reliable alarms. To date, real-time seizure-detection software remains inferior to a trained observer, and other cardiopulmonary monitoring devices lack sufficient sensitivity/specificity to be practical. We used quantitative continuous cardiopulmonary monitoring to investigate two questions. First, what is an appropriate alarm setting to achieve both reasonable sensitivity to seizures and relatively few false alarms? Second, considering both ictal and interictal periods, what other patterns emerge from such monitoring?
Methods

Patients and recordings
Consecutive patients (with informed consent) were recorded in our EMU from June 14, 2014 to July 28, 2015 at the National Institutes of Health (NIH) in accordance with our institutional review board protocol, 01-N-0139. Concurrent pulse oximeter (SpO 2 ) readings were collected from a Radical-7 (Massimo, Irvine, CA, U.S.A.), which was attached to the electroencephalography (EEG) data acquisition system (Nihon Kohden, Irvine, CA, U.S.A.), along with a single-channel electrocardiography (ECG) lead across the shoulders. No seizure detection algorithms were employed on the EEG. The ECG and SpO 2 systems were maintained by the EEG technicians who would check on them, at minimum, daily for integrity.
The SpO 2 , ECG, and EEG outputs were recorded at a sampling rate of 200 or 500 Hz for scalp and 1,000 Hz for intracranial recordings. For scalp recordings, file durations were 6 h long, whereas intracranial recordings were 2 h long. File duration was often shorter when staff detected a seizure. The SpO 2 and ECG data in each of these files were extracted using Matlab v8.4.0.
Detecting/classifying seizures
Timing and classification of video-EEG seizures were identified by board-certified clinical neurophysiologists (DG, SI, and WT). Focal seizures that evolve to generalized seizures (formerly referred to as generalized tonic-clonic, or GTC) were defined in line with recent guidelines based on video and EEG features. 12 Of note, seizures that had bilateral electrographic involvement that was asynchronous were not designated as GTC. In addition, none of the patients in this cohort had generalized epilepsy; all seizures designated "GTC" were secondary progression from a focal seizure.
At our institution, we did not have dedicated staff to continuously monitor the video-EEG. We provisionally implemented continuous SpO 2 with alarms as a method to augment our nursing staff's existing protocols for identifying active seizures.
SpO 2 analysis
To detect nonphysiologic oximeter data attributable to technical issues such as the device falling off a patient's finger, we systematically assessed each of the files that contained SpO 2 data <50% for the entirety of the file; these files were not included in any further analysis (this accounted for <7% of the total data, and four of the recorded seizures). All other SpO 2 files were deemed "evaluable" and were further analyzed. Some data were not available due to poor quality (i.e., SpO 2 < 50%), and some were not captured due to poor patient adherence, nursing issue, or technical problems. SpO 2 data from ictal recordings were thresholded systematically 60-90% in 2% steps, calculating the percentage of GTC and non-GTC seizures detected (Fig. 1) . Detection was defined as an ictal drop in SpO 2 , provided it remained >50%. Use of 50% as an absolute cutoff was selected for convenience because our pulse oximeter devices were well characterized to be accurate to SpO 2 values of 60%. 13 In addition to ictal analysis, the SpO 2 data from interictal recordings were assessed for false alarms. These were defined as threshold-crossing events during an interictal file with SpO 2 > 50%, lasting >3 s and <5 min. The alarms in our patient rooms are audible throughout the EMU; however, there are occasions when the nursing staff may be delayed in checking an alarm because of other patient needs. We therefore selected cutoff values based on nursing input. Alarms <3 s were not considered significant by staff (e.g., momentary signal loss due to position change). The staff felt confident that they would definitely check on patients within <5 min in the event of an alarm. We therefore assumed threshold crossing values lasting ≥5 min represented events such as oximeter disconnection, or other equipment malfunction, rather than ongoing clinical events. Interictal time was divided into 1-h blocks. The mean number of interictal (i.e., false) alarm detections per hour was computed for each patient. Given that some patients had an unusually large number of alarms and some had very few, we computed a median across patients of the average hourly alarm rate. This median value was computed for each threshold similar to the ictal analysis. For easier visualization, average alarms per hour at each threshold for each patient recording was plotted (Fig. 2) .
To study the termination and initiation pattern of seizures with SpO 2 , we plotted the sequential probability maps in 10% SpO 2 bins for sequential 10-s intervals. These were calculated using the seizure start ( Fig. 3A) and seizure termination to align the data (Fig. 3B ).
ECG automated analysis
Using automated ECG analysis, 14 positions and lengths of P, QRS, and T waves were annotated. Instantaneous heart rate (HR) and corrected QT intervals (QTc) were calculated using the commonly employed Bazette method. 15, 16 In addition, we adapted an instantaneous signal quality index (QI), based on QRS amplitude, regularity of RR intervals, and correlation to QRS template. 17 If QI was < 80%, data were considered unintelligible and were not analyzed further. If an entire file had QI < 80%, that file was excluded from further ECG analysis (<5% of ECG files).
Joint ECG and SpO 2 analysis
An autoregressive mixed-effects model with splines 18 was computed in R (v3.2.1). This model computed the change between preseizure, seizure, and postseizure for QTc and HR. Covariates included a spline for time, time period, SpO 2 , and a binary flag for GTC occurrence as well as all interaction terms. In addition, the joint probability distributions 19 from QTc and concurrent SpO 2 values were plotted for the entire ictal and interictal periods per video-EEG session. Comparing the two conditions, changes in joint distributions were evaluated. Dysfunction in SpO 2 was defined as significant probability for values <90%. Cardiac dysfunction was defined as significant probability of values outside of 393-470 msec; such QTc deviations are known to correlate with The left graph uses only those seizures that had evaluable SpO 2 data as a denominator, whereas the right graph uses all available seizures recorded as a denominator, which lowers the detection rates. Epilepsia ILAE Figure 2 . False alarm analysis. Each line represents a single patient's EMU stay (average of 7 days recording). The x-axis is the threshold for pulse oximeter alarms to sound. The y-axis is the average of the number of alarms per hour. Seen clearly is that patients differ quite a bit in the 80-90% range, but most patients would be expected to have few alarms (i.e., much <1 per hour) if the threshold was around 80%. It is also noted that if a threshold of 86% were chosen, many patients would still have a very low alarm/hour rate, although this would depend on the specific patient. Epilepsia ILAE mortality. 20 We compared all medications taken (for epilepsy and otherwise) by each patient with an updated list of medications known to affect QT intervals. 21 
Results
Patients
The 49 video-EEG sessions comprising 7,104 h of continuous SpO 2 data were collected from 45 unique patients (38 scalp, 3 intracranial, 4 both at separate times). A total of 193 seizures including 32 secondarily generalized seizures were captured (6 with poor quality ECG and 42 with no available SpO 2 , of which 9 were generalized seizures). Demographic information is provided ( Table 1 ). The oximeter used for this study was well tolerated by nearly all patients; however, uncommonly, a patient would complain that the device was "constantly" alarming, due to technical failure to obtain good optical coupling with the peripheral blood vessels.
Selecting an appropriate SpO 2 threshold
Twenty-six video-EEG recordings from 23 unique patients contained seizures with associated SpO 2 . GTC detections for SpO 2% thresholds of 90, 88, 86, 84, 82, 80, and 78, were 96%, 94%, 94%, 84%, 84%, 81%, and 78%, whereas non-GTC detections were 57%, 40%, 36%, 32%, 27%, 25%, and 22% (Fig. 1) . Analogous values are provided in the figure when the denominator is all recorded seizures, including those without evaluable SpO 2 . For false alarms, the medians (across patients) of the mean (within patients) number of minutes between alarms were 3, 11, 25, 62, 96, 146, and 223, respectively (Fig. 2) . The hourly false alarm rate rose dramatically for SpO 2 thresholds >86% in the majority of patients (Fig. 2) . Alarm thresholds for SpO 2 >80% were able to capture ≥80% of the evaluable GTC seizures (Fig. 3) . Thus, alarm thresholds set between 80 and 86% were able to satisfy these opposing requirements.
Seizure onset/termination pattern
Sequential probability maps of SpO 2 based on time from seizure onset and time until seizure termination are shown in Figure 3 . There appears to be no consistent pattern when viewing from seizure onset other than higher probability of higher SpO 2 initially. However, when viewed from seizure termination, an SpO 2 drop has a higher likelihood of occurring.
ECG periictal patterns
An exploratory mixed-effect model with autoregressive correlation structure was used to model QTc in milliseconds (msec) and HR in beats per minute (BPM) during the periictal period, and accounted for intersubject and interseizure differences (see Table S1 for all value estimates). The estimated autocorrelation value (phi) for QTc was 0.47. The largest significant (p < 0. 
Cardiopulmonary patterns, ictal and interictal
A series of patterns were observed by studying the joint probability distributions of QTc and SpO 2 when comparing interictal to ictal conditions. Figure 4 shows several examples. The main features of these patterns were as follows: (1) the QTc distributions were dissociated from the SpO 2 distributions (i.e., dysfunction in one did not predict the other); (2) some patients showed dysfunctional patterns at baseline that were also seen ictally; (3) some patients Figure 4 . Cardiopulmonary joint distribution plots. Several example patterns from three complete video-EEG sessions are shown. The upper row shows interictal plots, and the lower row shows ictal plots. The color represents normalized probability of activity. Set (A) shows a patient that mainly dropped SpO 2 levels without major QTc changes during seizures. Note the primarily downward shift of the bright pixels. Set (B) shows a patient that significantly lengthened QTc without major SpO 2 dysfunction. Note the primarily right shift of the bright pixels. Set (C) shows a patient that had significant dysfunction in both domains during a seizure. Note the rightward and downward shifts of the bright pixels. Epilepsia ILAE showed only ictal dysfunction; and (4) some patients showed evidence of severe dysfunction in one or both cardiac and pulmonary domains.
Within the set of 26 video-EEG studies that included seizures, there was evidence of interictal SpO 2 dysfunction in 57%, interictal QTc shortening in 31%, and interictal QTc prolongation in 42%. Only 3 (11%) of these 26 patients were taking medications known to affect QTc. Within the set of 22 video-EEG studies that included seizures and had viable QTc and SpO 2 data, 27% showed no dysfunction in either domain, 14% only had oxygen dysfunction, 41% had only QTc prolongation or shortening, and 18% had both QTc and SpO 2 dysfunction. No clear systematic relationship was noted between interictal and ictal dysfunction patterns in both QTc and SpO 2 .
Discussion
In this study, we assessed cardiopulmonary measures of patients in the EMU. If alarms are instituted based on continuous SpO 2 recordings, choice of alarm threshold becomes critical to maximize clinical value. Through systematic evaluation, we found that an optimal balance of false alarms and true detections could be achieved with an SpO 2 threshold of 80-86%. In addition, evidence of a possible common seizure termination pathway was noted in many seizures in the SpO 2 data. The ECG data showed increases in QTc and HR during and after seizures, although both gradually decreased over time after seizure offset. A review of the joint probability distributions ictally and interictally showed overlapping but dissociated patterns of cardiac and respiratory dysfunction separately in select patients. Although it is only speculative that these specific patterns may directly relate to SUDEP because none of our patients died, the patterns identified are clinically concerning independent of SUDEP. Growing evidence supports the notion of cardiorespiratory derangements associated with SUDEP. 2, 22, 23 These findings highlight the importance of measuring continuous SpO 2 and ECG data along with EEG in the EMU.
Some of the changes in ECG seen during seizures have been reported previously. 8, 22, 24, 25 Our mixed model extends these results by including the three phases of the seizure as well as HR, QTc, SpO 2 and time all in one model. The QTc model found a complex interplay between these factors, although it was interesting that QTc is so sensitive to SpO 2 and postictal HR. The HR model generally indicated increases periictally, driven by QTc and time-related factors. The significance of this model lies in the short-term dependence of QTc on SpO 2 , which suggests that therapies that acutely target oxygen desaturations would be expected to also improve QTc values.
One surprising finding is the extensive amount of seemingly dysfunctional SpO 2 seen in our data (57% of recordings). This number, includes situations that are difficult to control for, including electrical and motion-induced artifacts, transient desaturations, and other causes. The 57% also helps to highlight how false alarms may dominate the questions of when, if, and how to collect continuous pulse oximetry on these patients. At our center, we employed a staffing ratio (nurse to patient) of 1:3 for scalp EEG during the day, 1:4 for scalp EEG during the night, and 1:1 for intracranial EEG. Based on these low ratios and the proximity of the nurse station to our EMU rooms, the alarms appeared quite helpful. Busier centers with higher volume and therefore less optimal nursing ratios would experience more difficulty with patients that have higher alarm rates.
Some would argue that setting a threshold below the standard 90% might have adverse, unintended consequences. Specifically, what if physicians and nurses are subconsciously trained to ignore any value above threshold as "normal," and therefore not actionable? This idea was rejected by a recent study that finds that using a threshold SpO 2 value will not save more lives, and the relationship between critical pulmonary dysfunction and SpO 2 is more complex. 26 By globally assessing the distribution of SpO 2 values and QTc ictally and interictally with joint probability distribution plots, larger patterns emerge. Even in the presence of imperfect measurements, these plots robustly measure the overall distribution of values across an entire EMU stay. As a result, one can rapidly summarize a "cardiopulmonary signature" from a video-EEG recording with a single figure. Prior studies of QTc 22 and SpO 2 8,27 did not consider the interictal component of the signals. Our findings suggest interictal summaries may be of clinical utility when detecting patients at increased risk for sudden death. Because only a small fraction of patients (11%) were exposed to medications known to affect QT interval, we anticipate that the QT changes identified here may relate to additional susceptibility to cardiac dysfunction. A large population study of QTc found that patients with baseline QTc values >470 or <393 msec were at increased mortality risk. 20 It has been shown that with healthy volunteers exercising that the QTc acutely prolongs while the HR increases, mediated by sympathetic activity, and the recovery is mediated by the parasympathetic system. 28 Future case-control studies with a larger number of patients may use these cardiopulmonary signatures to identify patients at the highest risk for developing SUDEP.
The dissociation of abnormalities in QTc and SpO 2 (Fig. 4) suggests that there may be independent risk factors for each. Given the large set of potential confounders (sleep apnea, inhaled irritants, genetic abnormalities, electrophysiologic disturbances, hematologic dysfunction, structural abnormalities, and so on) and our relatively modest cohort size, we could not control for all of them. Perhaps some forms of epilepsy may have overlap with at least some of these risk factors, as was noted in a recent whole-exome study of SUDEP cases. 29 In some patients, autonomic dysregulation may account for normal pulmonary function during cardiac dysfunction. In other patients, shunting of oxygen-carrying blood to more central vasculature during the stress of a seizure could artificially decrease the peripherally measured SpO 2 . Studies on larger cohorts will be required to clarify these possibilities. Given the dangers of SUDEP in the EMU, and the common pathway seen in a multicenter retrospective review, 2 it is clear that additional protective safeguards are needed. Although it is now possible to continuously monitor EEG and ECG in real time for dangerous patterns, such monitoring can be prohibitively costly for many centers. Conversely, continuous monitoring of SpO 2 is inexpensive and may be easy to implement. Partial evidence exists that the early delivery of oxygen and/or other nursing intervention may decrease the duration of generalized convulsions as well as the severity of respiratory and cerebral dysfunction. 5, 6 Our study systematically evaluated a series of alarm thresholds to determine the balance between too many false alarms and not enough "true" detections of seizures. We found that a threshold selected between 80% and 86% would be optimal. For those patients who tend to have more false alarms, one could select a lower threshold (80%) to decrease the false alarm rate, and for those with fewer tendencies toward false alarms, one could select the higher end (86%) to achieve a higher true detection rate. Although insufficient in isolation, combined with other redundant systems, continuous SpO 2 monitoring may improve patient safety. Continuous monitoring of SpO 2 may inadvertently reveal previously undetected sleep apnea, which could prove a valuable side-effect because treating sleep apnea may improve seizure control. 30, 31 On the other hand, patients with known sleep apnea may present challenges to using this technology for safety monitoring. Another consideration is for larger volume centers; higher false alarm rates could lead to alarm fatigue. This issue would need to be separately addressed, via either increased staffing or multimodality alarm mechanisms.
The ECG analysis was performed using automated annotation techniques developed and validated previously. 14 These techniques, although highly sensitive and specific in the validation dataset used, were not previously explored with continuous long-term ECG recordings. In addition, single-channel ECG obtained in the EMU has many technical limitations that would prevent higher quality analysis from being performed. Obviously, in the setting of seizures or other patient movements, the quality of ECG is degraded. In the absence of a motion sensor, such artifacts can be automatically detected to a certain extent, and the remainder will produce artifacts in the analysis. Visual inspection of example ictal and interictal recordings were used to verify the main results of this study with respect to the ECG annotations, and use of statistical measures to exclude outliers were employed.
Although most patients tolerated SpO 2 monitoring, rarely some were frustrated with very frequent alarms. Multiple factors can contribute to low oximeter readings: that is, technical failure, peripheral vascular disease, baseline pulmonary disease, and hematologic disease. 32 Accounting for obstructive sleep apnea (OSA) is also an important consideration when reviewing baseline interictal SpO 2 signals. 33 Our study population included five patients (11%) with previous diagnosis of OSA, so it was insufficient to account for the widespread abnormalities noted. It is certainly possible that additional patients had undiagnosed OSA, and it is not currently standard practice to include a formal sleep study in routine video-EEG hospitalizations. Introducing continuous pulse oximetry into EMUs will likely result in increased referrals for formal sleep studies in patients with nocturnal desaturations.
An additional possible confounder in our study was the inability to track supplemental oxygen. Future studies that can accurately document this will increase the precision of understanding the meaning of oxygen level changes in various contexts. Sleep-related desaturations more generally may account for the high percentage of SpO 2 dysfunction seen; however, we did not observe a clear day/night distinction. Future studies may use sleep state as a continuous covariate in analyzing SpO 2 dysfunction. It is worthy of note that 23 (82%) of 28 patients (82%) and 151 (78%) of 193 seizures had interpretable data. Thus, some patients (18%) and some seizures (12%) could not derive any protective benefit from continuous oximetry. Finally, this study did not explore the relationship of postictal EEG suppression (PGES) to the cardiopulmonary markers; however, the relative merits of PGES have been somewhat controversial. 34, 35 In conclusion, the collection, analysis, and summary of cardiopulmonary markers from patients in the EMU may be beneficial, both for predicting future disease and for more rapid response to the bedside. Although more studies are needed to clarify the exact profile for those at highest risk for SUDEP, an immediate action possible in EMUs is the continuous recording of pulse oximeter data with an alarm set between 80 and 86% to detect most GTC events and also a sizeable fraction of non-GTC events.
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